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段富集方法有免疫沉淀法、TiO2 层析技术、IMAC 和 SIMAC 等。随着磷酸化蛋
白质组学研究的日渐成熟，许多研究小组比较了上述磷酸化肽段富集技术的优劣
势，发现 IMAC 对磷酸化肽段的富集效果最好。SCX 是最早建立的多维液相分
离技术，其原理是根据肽段的带电量不同，逐步提高盐溶液浓度梯度洗脱 SCX
柱得到逐级分离的样品。近年来，不少实验室将 SCX 和 IMAC 两种方法结合起
来，在全细胞磷酸化蛋白组的研究中取得了很好的效果。本论文将详细介绍如何
通过 SCX 肽段分离，IMAC 磷酸化肽段富集并采用液相色谱联用质谱仪 Triple 
TOF 5600 鉴定 RAW 264.7 全细胞磷酸化蛋白组。 
我们以约 3mg RAW 264.7 全细胞蛋白为起始样品，采用 FSAP 的方法得到
胰蛋白酶酶解肽段，然后将这些肽段进行 SCX 处理得到 12 个组分，接着通过
IMAC 富集每个组分的磷酸化肽段，将富集到的磷酸化肽段脱盐处理后进行
LC-MS/MS 分析，最终得到 10331 个非冗余肽段和 4348 个非冗余磷酸化肽段。
为了验证系统的稳定性，我们以 5mg 相同细胞的蛋白重复了上述操作，得到的
非冗余肽段数目和非冗余磷酸化肽段数目分别为 12217 个和 6706 个，相同蛋白
起始量时，后者比文献报道的肽段数目（约 3900 个）多 71.9%。此外，我们分
析了各个组分的磷酸化和非磷酸化肽段的分布，比较了丝氨酸、苏氨酸和酪氨酸
磷酸化位点分布，并对丝氨酸和苏氨酸磷酸化的肽段进行 motif-X 基序分析。通
过磷酸化位点的数据库搜索，我们还发现了约 3500 个未报道的新的磷酸化位点。 





















Mass spectrometry (MS) is an important tool to investigate protein 
phosphorylation. The success in profiling the phosphoproteome by MS-based 
proteomics has been intimately related to the availability of methods that selectively 
enrich for phosphopeptides. Strong cation exchange chromatography (SCX) and 
immobilized metal affinity chromatography (IMAC) are two main phosphopeptides 
enrichment steps. SCX chromatography separates peptides by solution charge, at pH 
3-4, phosphopeptides are expected to elute earlier than their non phosphorylated 
homologs. IMAC takes advantage of phosphate’s affinity for Fe
3+
 to enrich 
phosphopeptides from the previously collected SCX fractions and is commonly used 
for phosphopeptides enrichment due to its high affinity for adsorption of 
phosphopeptides. 
We have successfully employed the SCX-IMAC strategy to investigate the 
phosphoproteome from 3mg and 5mg protein of RAW 264.7. After database searching 
and manual processing, 4348 and 6706 distinct phosphopeptides were identified, 
yielded 42.1% and 54.9% recoveries of all distinct peptides. The non-specific binding 
to peptides and the interference of acidic amino acid in peptides are two primary 
reasons for low proportion of phosphopeptides. Of these phosphopeptides, 87.2% of 
the phosphorylation sites identified were on serine residues, 12.8% were on threonine 
residues, and no phosphorylation on tyrosine was detected. These percentages are 
similar to those reported in the literature (1800:200:1). Motif-X was used to enrich 
conserved motifs in identified phosphopeptides, and 79 serine phosphorylation motifs 
and 22 threonine phosphorylation motifs were identified. Of these motifs, 10 motifs 
can be found to corresponding kinases. 
It is worthy to note that the number of distinct phosphopeptides identified in our 
study is higher than that previously reported (3900) when use 5mg protein, which is 
probably due to two points.  
















In-gel digestion for MS-based proteomics is extremely robust while in-solution 
digestion minimizes sample handling and is more easily automated. FASP combines 
these advantages by solubilizing the protein in sodium dodecyl sulfate (SDS), which 
is exchanged by 8M urea on a standard filtration device.  
Second, we used Triple TOF
TM
 5600 system for peptide identification. Triple 
TOF
TM
 5600 is capable of delivering high quality results of complex proteomics 
samples at high throughput. The high resolution, high mass accuracy and high 
sensitivity, realized at the fastest MS acquisition speed, leads to the identification of a 
total of 10331(3mg protein) and 12217(5mg protein) unique peptides of RAW 264.7 
lysate. Another key to such excellent result is the average of 34 MS/MS spectra per 
second achieved in the analysis.  
Considering the low proportion (42.1% and 54.8%) of phosphopeptides in total 
peptides by SCX-IMAC, although considerable number of phosphopeptides has been 
identified, there are lots of improvements we can make. Such as, (1) Do not incubate 
for longer than 60 min; (2) Increase the Starting amounts of protein, recommend 
starting with at least 5 mg of protein; (3) Reduce the amount of IMAC resin. 
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饰 5，而人类全蛋白质组中存在大约 100000 个磷酸化位点8。蛋白质的磷酸化和
去磷酸化是一种普遍的调节机制，是原核生物和真核生物细胞表达调控的关键环
节，因此，蛋白质的磷酸化分析和位点鉴定已成为目前蛋白质组学研究的焦点之




















图 1-1  磷酸化蛋白质组学研究的重大突破概况 
Fig 1.1  Overview of Important Breakthroughs in Phospho Proteomics 
 


























图 1-2  磷酸化蛋白质组学常用富集方法 
Fig 1-2  Strategies for phospho specific enrichment 
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